Preparation of signal and target RNA transcripts DNA oligonucleotides were synthesized by Sigma Genosys and are listed in Table   S6 . High fidelity Platinum Pfx DNA Polymerase (Invitrogen) was used for PCR amplifications. Inserts of subcloned plasmids were confirmed by sequencing (Genewiz Inc., Plainfield, NJ). Plasmids pPLK1 (SC110978, the template for in vitro transcription of plk1) and pBcl2 (SC125546, the template for in vitro transcription of bcl2) that contain human plk1 (NM_005030.3) and bcl2 (NM_000633.2) cDNAs, respectively, were purchased from Origene Technologies Inc. (Rockville, MD). With plk1, we in vitro transcribed its coding sequence and most of its 3'-UTR; with bcl2, we transcribed its coding sequence and only part of the 3'-UTR because of its sheer length. In vitro RNA transcription was performed using MEGAscript T7 Kit (for transcripts longer than 300 nt), MEGAshortscript T7 Kit (for transcripts shorter than 300 nt), and mMESSAGE mMACHINE T7 Kit (for capped RNA) (Ambion).
inserted into pRrLuc using XhoI/BamHI, forming pRrLuc-Sig1 (the template for in vitro transcription of Sig1), pRrLuc-Sig2 (the template for in vitro transcription of Sig2), pRrLuc-Sig2NB (the template for in vitro transcription of Sig2NB-140nt), and pRrLucMock (the template for in vitro transcription of mock signals), respectively.
Firefly luciferase gene (PpLuc) was amplified by PCR using primers P35 and P36 from pGL-control (Promega) and inserted into pZsYellow1-C1 using NheI/BglII, forming pPpLuc (the template for in vitro transcription of PpLuc that is used in the dualluciferase assay). Annealed P37:P38 was inserted into pZsYellow1-C1 by XhoI/BamHI, resulting in pZsYellow1-FF3 (the template for control target, CK600nt). Annealed P39:P40, P41:P42, P43:P44, and P45:P46 were inserted into pPpLuc using XhoI/BamHI, forming pPpLuc-T1T2 (the template for in vitro transcription of target RNA T1-T2 that contains targets for both S1:As1 and S2:As2), pPpLuc-T3T4 (the template for in vitro transcription of target RNA T3-T4 that contains targets for both S3:As3 and S4:As4), pPpLuc-T3 (the template for in vitro transcription of target RNA T3 that contains target only for S3:As3), and pPpLuc-T4 (the template for in vitro transcription of target RNA T4 that contains target only for S4:As4), respectively. DNA templates for in vitro transcription of varying-length signals were amplified by PCR using primers and plasmid templates listed in Table S7 . In general, (1) 5' primers contain a T7 promoter at the 5' terminus that is required for in vitro RNA transcription; (2) 3' primers contain a 25-nt poly(A) tail at the 3' terminus. In vitro transcribed RNAs were purified by Phenol:Chloroform extraction, precipitated in 75% ethanol and 1/9 volume of 5 M ammonium acetate, dissolved in 1× lysis buffer, and stored at -80 ˚C before use. For RNA cleavage assays in Drosophila embryo lysate, target RNA transcripts were further purified using 4% denaturing PAGE, dissolved in H 2 O, and stored at -80 ˚C before use.
Elucidation of the strand exchange mechanism
A general form of a chemical reaction with two reactants is approximated by:
Where [A] and [B] are the concentrations of the reactants, and [C] is the concentration of the product. It is safe to assume that in our case, both n1 and n2 are less than or equal to one. To determine the overall order (i.e. n1+n2) of the reaction, we used the method of equal concentrations as previously described (1). In this setup, equal initial concentrations of both reactants are assembled and the reaction progress is followed.
Different initial concentrations are used. In an overall second-order reaction, the plot of 1/[A t ]-1/[A 0 ] versus time will be linear with slope k, the rate constant, being independent of the initial concentrations. If the overall order is less than 2, the slopes will depend on the initial concentrations of the reactants. This behavior of the slopes k is exhibited by the simulations we performed ( Fig. S2A and S2B) . We then performed the actual experiments with varying initial concentrations of both Pr:As and the mRNA signals.
The curves obtained using the above transformation for different initial concentrations virtually overlap, which is consistent with the overall second order (Fig. S2C ). This shows that the overall order of the reaction is 2, and since none of the individual exponents (n1, n2) is larger than 1, each of them must be equal or close to 1.
Calculation of strand displacement rates
The strand exchange triggered by signal RNA is summarized as the following:
Here, k and k' are reaction rate constants. While it is likely that the first step of the reaction proceeds through an intermediate complex (Signal:::S:::Pr:As), we can make a reasonable assumption that the intermediate is short lived and that its generation, but not its decomposition, is the rate limiting step. In this case the rate constant of the intermediate generation is similar to the apparent rate constant of the entire first step (i.e. k) and it can be treated as a second-order process. Published treatment of similar DNA strand exchange kinetics also suggests using a simple bi-molecular reaction mechanism as a good approximation of the process (2) , and the data shown below are consistent with this approximation. Indeed, the observed dependency of the plots shown below on initial concentrations would not have been detected were the intermediate decomposition a ratelimiting step of the process.
Since k' is much greater than k, as shown in Fig. S3A and S3B, the observed rate constants of the output production by the biosensor devices are approximately equal to k.
Making the second-order approximation of the first reaction step, the concentration of S:As at time t obeys the following relation:
, where :
In this formula, and : are initial concentrations of signal RNA and Pr:As, respectively. : is the concentration of S:As at time t.
The formation of S:As at time t was derived from the observed quenching of fluorescein by TAMRA during the annealing of S and As strands, using the following formula: :
where f 0 is the fluorescence of the negative control at time zero, f e is the fluorescence of the fully quenched As strand, f t is the measured fluorescence at time t. and : is the initial concentration of Pr:As (50 nM in this study). The same transformation was performed with the negative controls.
The siRNA levels in these control fluorescence time traces were subtracted from the We note that the reaction progress normally deviates from second order behavior after 50-70% completion, and some decisions of which data points to use in the calculations were done manually. However, the calculated rate constants were relatively robust to the choice of the time intervals used for analysis, and the variation due to this uncertainty was smaller than the variation between the replicates. Moreover, we observed that for some signal-biosensor combinations, the rate constants would deviate downwards from the expected linear dependence on the initial concentrations of the reactants when the signal RNA concentrations became too high (the exact value of the linear relationship breakdown was different for different cases, usually between 200 and 500 nM).
Therefore, we either repeated the measurements using lower signal concentrations that fell in the linear range, or we excluded the highest signal concentration and used three data points to calculate the rate constant. Finally, there is a delay of ~ 3 minutes between the mixing of the reactants and the first fluorescence measurement (Fig. S3C) . However, the above analysis is insensitive to the exact starting point of the reaction, as long as it begins before measurements are taken.
Estimation of the background exchange rates
The time series for the negative control exchange reactions for different biosensors and different temperatures were averaged. In all these experiments, 50 nM of the Pr:As duplex and 75 nM of the S strand exchange in the presence of varying concentrations of different mock signals. However, differences due to the sequences and concentrations of the mock signals were minimal, so these fluorescence traces reflect only the migration of the As strand to the S strand. The time traces of background exchange are shown in Fig. S5A . We noticed that in some cases, the background traces showed relatively fast but limited changes in the first minutes of the process and then stabilized at a much slower rate. We attributed the initial change to possible annealing of the S strand with non-hybridized As from the Pr:As duplex, and considered the "stabilized" rate as the one correctly describing the background exchange. We identified these breakpoints in the time traces, as in the example in Fig. S5B . In this example, the break occurs at t 0 = 15 min and at the S:As concentration of c 0 = [S:As](t 0 ) ~ 3.25 nM.
To calculate the rate, we shift the coordinates to the point (t 0 , c 0 ) and transform the original data into t N = t-t 0 and (Fig. S5C) .
Simulation of the thermodynamic parameters of the exchange process
RNAup server (3) was used to calculate the total free energy of the strand exchange process (Fig. S6A , Table S3 ); these numbers were used to generate the plot in , and 2 mM Mg 2+ at pH 7.5 using multi-state thermodynamic model (4) . The results of the simulations are given in Table S4 .
Supplementary Figures and Legends
Figure S1 Table S3 ) and the rate constants measured at 25 o C and shown in (Fig. 3 and Fig. S3A ). Table S2 The sequences of the biosensor devices used to assess the effect of the overhang length and the bulge in the middle of the Pr:As duplex. P21  P27  pPLK1  plk1-400nt  P22  P27  pPLK1  plk1-800nt-a  P23  P26  pPLK1  plk1-800nt-b  P24  P27  pPLK1  plk1-FL-a  P25  P26  pPLK1  plk1-FL-b  P25  P27  pPLK1  bcl2-140nt  P28  P34  pBcl2  bcl2-400nt  P29  P34  pBcl2  bcl2-800nt-a  P30  P33  pBcl2  bcl2-800-nt-b  P31  P34  pBcl2 bcl2-FL-a  P32  P33  pBcl2  bcl2-FL-b  P32  P34  pBcl2  CK600nt  P49  P48  pZsYellow1-FF3  T1-T2  P47  P48  pPpLuc-T1T2  T3-T4  P47  P48  pPpLuc-T3T4  T3  P47  P48  pPpLuc-T3  T4  P47  P48  pPpLuc-T4  PpLuc  P50  P51  pPpLuc 
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